tween cyclopolysilanes and aromatic hydrocarbons. Further investigations of cyclopolysilanes seem likely to provide the key to understanding of controversial questions of bonding in metalloid compounds even as studies of their carbon analogs, the cyclic and cage hydrocarbons, have been crucial to present knowledge of organic stereochemistry and reaction mechanisms.
The reactions of cyclopolysilanes are not only interesting in themselves, but have opened the way to the synthesis of complex polysilanes and thus to whole new areas of study. Improved methods of synthesis and isolation are needed, but the number'and kinds of compounds that can be prepared seem almost limitless. Perhaps a polymetal chemistry comparable in breadth and variety to carbon chemistry is now developing.
References and Notes I. Organosilicon compounds of high nolecular weight are, however, well known in the form of the siloxanes, whose catenated structures are based on altemating silicon and oxygen atoms; these are the silicone polymers of commerce. 2. The first polysilanes to be systematically studied bore aromatic rings as substituents. In classic researches early in this century, F. S. Kipping prepared compounds such as hexaphenyidisilane (Ph,SiSiPh,) 24. The acid-catalyzed chlorodemethylation of cyclopolysilanes can be thought of as analogous to the electrophilic chlorination of aromatic hydrocarbons. As with aromatic compounds, polysubstitution can also take place. For example, the dichlorination of (SiMe,), appears to produce at least three major isomers, whose structures are as yet unknown. The situation in this field is rather like that in aromatic chemistry about a century ago, when it was known that disubstitution of benzene gave three isomers but their identification as ortho, meta, and para was not generally possible. 25 Particularly important, I now realize in retrospect, was the fact that we took some time to study the theory of centrifugation, as beautifully exposed in the classical book by Svedberg and Pedersen (4) .
Although separating mitochondria and microsomes might appear worlds apart from the determination of the molecular weight of macromolecules, certain concepts were common to the two operations and could be usefully transposed from the latter to the former. One was that of sedimentation coefficient ( Fig. 1) , which obviously was applicable to any particle, irrespective of its size. Another was that of polydispersity, which, owing to biological variability, was likely to be a property of the populations made up by subcellular organelles. This meant that the centrifugal behavior of such populations could be described only by a frequency distribution curve of sedimentation coefficients (Fig. 2) , not by a single s value as for most molecular populations. A third important point related to the resolving power of differential sedimentation, which some elementary calculations revealed to be surprisingly low (Fig. 3) .
There was much insistence in those days on the various artifacts that complicate centrifugal fractionation, such as, for instance, breakage or agglutination of particles, and adsorption or leakage of soluble constituents. But these were only accidents, no doubt serious but amenable to experimental correction. The problem, as it appeared to us, was a more fundamental one. What we were doing was trying to separate populations that, owing to overlapping polydispersities, might at best be only partly separable from each other. In addition, we were using a poorly discriminating method for this purpose.
I cannot claim that all this was immediately clear to us. But considerations of this sort undoubtedly colored our approach from the start (5) . We fully expected centrifugally isolated fractions to be impure, while suspecting that populations of cell organelles might be difficult, if not impossible, to resolve quantitatively. Conscious also of the severe limitations of light microscopic examination of the fractions, we tried to extend the biochemical interpretation as far as possible. Instead of looking at each fraction separately and focusing on its enzyme content, as was usually done, we looked rather at each individual enzyme and contemplated its distribution between all the fractions.
In order to permit a comprehensive view of enzyme distribution patterns, I introduced a histogram form of representation ( scheme, and on the right as determined by the modified five-fraction scheme that we worked out in an effort to elucidate the significance of the small difference in distribution observed between acid phosphatase and cytochrome oxidase (6 Fig. 4 . Enzyme distributions represented in histogram form. The relative specific enzyme content (percentage of activity divided by percentage of protein) of the fractions is plotted against their relative protein content, inscribed cumulatively from left to right in their order of isolation (decreasing sedimentation coefficient): nuclear (N), mitochondrial (M), microsomal (P), and supernatant (S), in classical four-fraction scheme; and nuclear (N), heavy mitochondrial (M), light mitochondrial (L), microsomal (P), and supernatant (S), in modified five-fraction scheme (6) . Although very crude, the similarity with frequency distribution curves of polydisperse populations can be recognized. Distinction between three populations, now known to consist of mitochondria (cytochrome oxidase), lysosomes (acid phosphatase), and endoplasmic reticulum fragments (glucose 6-phosphatase), is enhanced by use of five-fraction scheme. [Source: (44) ] In these studies, a second line of evidence based on enzyme latency, proved very useful. Owing to impermeability of particle membranes to one or more of the substrates used in the assay of enzymes, many particle-bound enzymes fail to display activity "in vitro" as long as the membrane surrounding them is intact. Various means, mechanical, physical, or chemical, can be used to disrupt the membrane and to release the enzymes, as we first showed for rat liver acid phosphatase (Fig. 6) . If two or more enzymes are present together in the same particles, they will be released together in this kind of experiment; if in different particles, they may come out separately (Fig. 7) . In our hands, such studies have been very useful, providing an independent verification of the significance of the similarities and differences revealed by centrifugation experiments.
By 1955, our results were sufficiently advanced to allow us to propose with a certain measure of assurance the existence of a new group of particles with lytic properties, the lysosomes, and to hint at the existence of another group of particles, the future peroxisomes (7) . At the same time, we had, from the mixture of theoretical considerations and experimental results that I have just briefly recalled, derived a certain "philosophy" of centrifugal fractionation, which I subsequently elaborated in greater detail in several publications (8) . The key word here was "analytical." Basically, we felt that our approach was no more than an extension of the classical Svedberg technique from the molecular to the submicroscopic and microscopic level.
A major difficulty at this stage, however, was that available techniques did not measure up to the kind of information we were hoping to extract. The answer to this problem was provided by density gradient centrifugation, which was introduced in the early 1950's. This new technique offered prospects of improved resolution; it allowed the use of density, as well as of sedi- 18 JULY 1975 mentation coefficient, as a separation parameter; and, finally, its analytical character was unmistakable (Fig. 8) . In fact, as shown as early as 1954 by Hogeboom and Kuff (9) , it could even be used successfully for the determination of molecular weights.
Here again, we devoted some time to theoretical studies (10) . In this, Berthet Fumarase (2) DPNH cytochrome c reductase (6) Glucose-6-phosphatase (9) Pattern II (13) . Particles sedimenting through a density gradient are apt to undergo a progressive increase in density, due to inflow of solute or outflow of water or both, depending on the number and permeability properties of their membranes and on the nature of the solute (or solutes) and solvent used to make the gradient. These factors we tried to incorporate in a theoretical model of particle behavior (10, 14) , and at the same time to take into account in the design of our experiments. It appeared from our theoretical considerations that the sucrose concentration of the medium might be a particularly important variable, and that different types of particles might respond differently to changes in sucrose concentration. We therefore subfractionated large granule fractions from rat liver in isosmotic glycogen gradients prepared with sucrose solutions of different concentrations as solvent, as well as in sucrose gradients prepared with either H20 or D20 (15) .
The results of these experiments conDigitonin (mg/ml) (Fig. 9) . Thanks to this finding and to the Beaufay rotor, large-scale separation of the three populations has now become possible, allowing a variety of biochemical and functional studies that were not feasible before (17) .
While the biochemical approach I have outlined was being developed in our laboratory, electron microscopy was making great strides of its own, soon becoming available for the examination of subcellular fractions. For obvious reasons we were very anxious to take a look at our purest fractions, in order to test our conclusions and eventually identify our hypothetical particles. Already Gcles known as "microbodies" (19) . Thus, the gap between biochemistry and morphology was finally bridged, after some 15 years of research. More recently, Baudhuin has adapted quantitative morphometric methods to the examination of subcellular fractions, making it possible to compare measurements derived from biochemical data with those obtained by direct mensuration (20) . In several instances, excellent agreement has been found between the two sets of data (17, (20) (21) (22) .
Applications to Biology
I have chosen to dwell at some length on our theoretical and technical studies, because they were, I believe, the key to whatever achievements were made by our group. I know that others have accomplished important advances by the alternative process of first purifying a subcellular component and then analyzing it. For example, nuclei, secretion granules, plasma membranes, and Golgi elements have been largely characterized in this fashion. But purification is generally a laborious procedure, it is difficult to control, and it is rarely quantitative. The advantage of the analytical approach is that it is widely applicable, and it can provide a considerable amount of quantitative information, even with a relatively poor resolving power. The important point is that with this kind of methodology, we derive the information not from the properties of specific fractions believed to approximate a given intracellular component, but from the manner in which properties are distributed over a large number of fractions, which together represent the whole tissue.
In our laboratories, this general approach has been applied to a variety of biological materials and for the study of many different problems. In continuation of the work on liver, already described, it has supported a number of studies concerned with the functions of lysosomes, including those of Wattiaux on intralysosomal storage (23) , of Pierre Jacques on pinocytosis (24) , of Russell Deter on autophagy (25), of Jack Coffey, Nick Aronson, and Stanley Fowler on lysosomal digestion (26) , and of Andre Trouet and Paul Tulkens on the effects of antibodies against lysosomes (27) .
It has also allowed Brian Poole, Federico Leighton, Tokuhiko Higashi, and Paul Lazarow to make a searching analysis of the biogenesis and turnover of peroxisomes (21, 28) . In recent years, a large team grouped around Beaufay and Berthet, and including Alain Amar-Costesec, Ernest Feytmans, Mariette Robbi, Denise ThinesSempoux, and Wibo, has launched a major 18 JULY 1975 attack on microsomal and other membrane fractions with the aim of characterizing physically, chemically, enzymically, and immunologically the various types of cytomembranes occurring in these fractions (29) .
In its applications to other mammalian tissues and cell types, analytical cell fractionation has allowed Baudhuin and Poole to recognize peroxisomes in kidney (30) ; Gilbert Vaes to carry out a thorough study of bone lysosomes, leading to very revealing observations on the role of these particles in bone resorption (31) (42), and those of Yves Eeckhout on the tail of metamorphosing tadpoles (43) .
It has been my good fortune to participate in most of these investigations, sometimes actively and sometimes simply in an advisory capacity, and to watch at the same time the growing interest of other laboratories in similar problems. After trying, with increasing difficulty, to review the field of lysosomes at regular intervals (44, 45) , I welcomed with some relief the appearance in 1969, under the editorship of John Dingle and Honor Fell, of the multiauthor treatise Lysosomes in Biology and Pathology (46) , of which volume 4 is now in press. The literature on peroxisomes and related particles has grown more slowly, but has now also reached an appreciable size (47) .
It must be pointed out that many of these advances have been made by means of morphological rather than by biochemical methods, or by a combination of both. In this respect, the development of cytochemical staining reactions for enzymes previously identified biochemically as specific particle markers has been an invaluable aid, thanks to the pioneering work of Novikoff (35, 52, 53) . Figure 10 shows some of the biochemical evidence: after cholesterol feeding, lysosomes become considerably less dense due to lipid accumulation. This figure also illustrates the sensitivity of our present techniques. These fractionations were performed on a total of about I milligram of cell protein. Similar experiments have been successfully performed on a needle biopsy.
Other interesting applications of the lysosome concept are in pharmacology and therapeutics. In line with the "suicide bag" hypothesis, early investigations in this area focused on "labilizers" and "stabilizers" of the lysosomal membrane (54) . One outcome of this work has been the suggestion that certain anti-inflammatory agents, such as cortisone and hydrocortisone, might owe at least one part of their pharmacological properties to their effect on the lysosomal membrane.
More recently, we have extended our interest to the various substances that are taken up selectively into lysosomes and owe some of their main pharmacological properties to this phenomenon. These "lysosomotropic" agents are surprisingly numerous, including such variegated compounds as neutral red, chloroquine, streptomycin, dextran, polyvinylpyrrolidone, Triton WR-1339, and trypan blue (55) . Particularly interesting is the use of certain lysosomotropic agents as carriers for drugs. In Louvain, Trouet has applied this principle to leukemia and cancer chemotherapy, by using DNA as carrier for the 18 JULY 1975 drugs daunorubicin and adriamycin. Experimentally, these DNA complexes proved less toxic and more effective on L1210 leukemia than the free drugs (56) . Clinical trials under way over the last 2 years in several hospitals have given very encouraging results (57) .
Conclusion
In the conclusion of his Nobel lecture delivered in 1955, Hugo Theorell asked: "What is the final goal of enzyme research?" "The first stage," he answered, "is to investigate the entire steric constitution of all enzymes.... In the second stage," he continued, "it is a matter of deciding how the enzymes are arranged in the cell-structures. This implies, as a matter of fact, the filling of the yawning gulf between biochemistry and morphology."
The gulf still yawns today. But it is a particular pleasure for me to be able to tell my old friend Theo that it yawns a little less. In our efforts to narrow it, my coworkers and I have been privileged to contemplate many marvelous aspects of the structural and functional organization of living cells. In addition, we have the deep satisfaction of seeing that our findings do not simply enrich knowledge, but may also help to conquer disease.
